Direct searches for Dark Matter (DM) require full understanding of the detector's characteristics, and careful calibration of its energy response. The neutron is the one standard model particle whose energy deposition mechanisms at low energies in matter parallel those expected from WIMP-like Dark Matter particles, and thus, should allow a direct calibration to be attained. Low energy neutron generators (typically 2.5 MeV) have been used in earlier experiments to calibrate detectors for the small nuclear recoil energies expected for DM particles in the 10 GeV/c 2 mass region and above. However, if the Dark Matter particle mass is very small, say ~1-10 GeV/c 2 or even below, one will need to explore the phase space of very low energy nuclear recoils, using correspondingly low neutron energies. In this note, we explore the feasibility of developing an low energy neutron beam (10 keV to a few MeV) at SLAC, produced in one of the beam dumps with the primary electron beam from the SLAC Linac, where one would use neutron time-of-flight (TOF) to define the neutron energy. In this note, we explore two possible neutron sources at SLAC: the ESA and/or the LCLS beam dumps.
Introduction
As experimental limits on WIMPS in the mass region above 10 GeV/c 2 have improved, attention has become more focused on the lower energy region. Any measurements made with DM detectors that probe this mass region require that the low energy response of the detectors be well understood. Fig. 1 illustrates an example of one measurement attempting to understand this low recoil energy regime with a small LXe detector, as shown in Fig. 1b [1] . One could imagine similar tests with other types of Dark Matter detectors. Fig. 1a shows a neutron beam from the 2 H(d,n) 3 He-neutron generator, providing ~2.5 MeV energy, entering the LXe volume, where one measures a scintillation response for a given nuclear recoil energy, determined using two neutron detectors EJ-301 at a given polar angle and calculated using equation (1) . Fig. 1b shows the PMT arrangement in this LXe detector. Fig. 1c shows the scintillation response L eff as a function of the nuclear recoil. The lowest energy nuclear recoils measured are ~3 keV in this particular test [1] . Note that for a fixed scattering angle, the recoil energy scales by the neutron beam energy.
(1)
The proposed SLAC neutron beam would be generated by the primary SLAC electron beam striking a beam dump. This would produce a spectrum of neutron energies between ~10 keV and a few MeV. One would measure the entire spectrum of nuclear recoil energies for each recoil detector for a given recoil angle, as defined by Fig.1a . We believe that such a methodology should reduce systematic errors, and allow us to reach very small nuclear recoil energy. One SLAC-TN-14-026 could also explore directly the lowest attainable detection threshold for a detector using neutron energies as low as 5-10 keV.
SLAC has several beam dumps, for example in the End Station A (ESA), LCLS or FACET, where a full intensity electron beam (150-180 pC/pulse) could be used to generate neutrons. Neutrons boil off excited nuclei in the beam dump fireball via the giant nuclear resonance mechanism. The primary electron beam has a precisely defined bunch structure, 1 which can be used in a time-of-flight (TOF) measurement to determine the energy of each interacting neutron on an event-by-event basis. Table 1 shows typical TOF values for a 10 m-long flight path. One can see that TOF values are very long and the timing resolution of the neutron detector is not critical for the neutron's energy resolution in the energy range of interest. 
Calculation of the neutron flux from SLAC beam dumps
Appendix #1 shows the ESA beam dump. Fig. 9a shows the overall ESA beam dump shielding arrangement. Fig. 9b shows the very tiny primary electron beam spot as measured on a screen in front of the beam dump with 150 pC/pulse and 5 Hz. Fig.9c shows a possible experimental arrangement for future possible experiments with the neutron beam produced nearly orthogonally to the beam direction. However, in the following tests of the neutron flux, we have chosen to measure fluxes at nearly 180 degrees (or nearly backward), as this did not require any modification of the shielding.
The neutron flux was simulated with the FLUKA program by L. Nicolas. Figs. 2a and 2b show simulation results of the neutron rate as a function of energy [2] and as a function of position [3] for the ESA beam dump geometry. The simulation assumed a primary electron beam energy of 14 GeV, and 10 9 electrons/pulse.
One can now predict the expected statistics for a hypothetical LXe experiment of size similar to that described in Fig.1 (one can do a similar calculation for any other test, of course). We assume that we use the ESA neutron beam, a LXe target size of 2x2x2 cm 3 and measure the neutron recoils using a small neutron counter of 5 cm 2 in transverse area and located 50 cm away from the LXe target. The test would run for two weeks of "effective running" (real life running efficiency is ignored here) at a repetition rate of 5 Hz, with a primary electron beam energy of 14 GeV and with ~10 9 electrons/pulse. The neutron beam luminosity is taken to be the FLUKA simulated rate shown in Fig. 2a . The result of the calculation is shown in Fig. 3, Fig. 3a shows the expected measured rate as function of the incident neutron energy, and Fig. 3b as a function of the nuclear recoil energy. One can see that the expected measured rates are rather marginal, not justifying the effort which such test would need. An obvious fix to this problem is to run with the full LCLS rate of 120 Hz pulse rate. 2 The absolute rate could also be easily increased by well over an order of magnitude, either by adding more recoil counters, and/or optimizing the detector sizes and standoff distances. With a choice of cheaper EJ-200 plastic scintillator the cost might be affordable. 
Neutron detectors and calibration used in our tests
The aim of our experimental effort was to measure the neutron rates in the ESA and LCLS beam dumps and verify the FLUKA simulation. We used two scintillation detectors to evaluate the neutron fluxes from the beam dumps: EJ-410 and EJ-254.
The EJ-410 scintillator is a zinc sulphide phosphor imbeded in a clear plastic. Recoil protons from np-scattering produce scintillation pulses in phosphor. It is intended for detection of fast neutrons with energy between 0.8 and 20 MeV with almost no sensitivity to γ's. It has no sensitivity to very low neutron energies below 0.8 MeV. Fig. 4a shows its detection efficiency, as quoted by Ejen Co., the scintillator's appearance, and typical pulses in our bench tests.
EJ-254 is a plastic scintillator with 5% loading of B 10 to enhance sensitivity for very low neutron energies. Thermal neutron capture on boron produces alpha particles, which are easy to detect. Apart from capture, it is also a plastic scintillator capable of detecting neutrons via npscattering. Therefore there are two components to the detection efficiency. Fig. 4b shows the detection efficiency for the capture (calculated and fitted by us from energy-dependent linear attenuation coefficients provided by Ejen Co.). In practice, capture contributes to neutron energies only below ~500 keV, and even there it is a small effect. 4 To estimate the detection efficiency for the np-scattering, we contacted Ejen Co. to give us a procedure. They told us that we can use EJ-200 plastic scintillator data and scale it for the EJ-254 scintillator, which has very similar behavior but less light output; they provided energy-dependent linear attenuation coefficients for the EJ-200 scintillator. We used this data to predict a calculated detection efficiency for a 5cm-length -see Fig. 4c . Fig. 4b also shows the EJ-254 scintillator's appearance and typical pulses in our bench tests. In retrospect, we would recommend EJ-200 for tests of this kind.
Ideally, one should calibrate the detection efficiency of both counters using neutron sources at several energies. That turned out to be not easy in our energy range. Fig. 5a shows neutron sources which used to be available at SLAC. However, only Pu 238 -Be and Cf 252 sources are available at present. Fig. 5b shows that both sources are not very useful for our calibration as they produce a broad spectrum and are not useful below ~1 MeV.
Therefore our calibration procedure was as follows. We use the detection efficiency of the EJ-410 scintillator as shown on Fig. 4a . For the EJ-254 scintillator we used the EJ-200 scintillator's calculated detection efficiency energy dependence between ~10 keV and ~2 MeV, and then normalized it using the EJ-410 data in the overlap region of 0.8-2 MeV. (a) 
Experimental results
The principle of measurement was simple. The Linac pulse triggered a 100 ns gate, which gated the neutron rate scaler. The gate's time delay relative to the first Gamma pulse was used to calculate mean neutron energy and energy bin size. The neutron counter pulse triggered a constant fraction discriminator and its output was used in the gated scaler.
We started with the ESA beam dump test, which is described in Appendix #1. The primary electron beam entering the beam dump in this test had energy 10.5 GeV, intensity ~8x10 9 el/pulse and 5 Hz repetition rate. The neutron flux escaped the beam dump almost in backward direction, as shown on Fig. 9c ; this was the easiest way to do this measurement without a substantial beam dump modification. The ESA beam dump allowed such operation because it has a large entrance opening. However, we had practically no shielding between the beam dump and neutron counters in this particular test. We observe a large early background spike in all our runs in ESA tests. In case of the EJ-410 scintillator, the initial background spike caused a large base line DC shift (see Fig. 6 ), which prevented reliable counting in the first few microseconds, which corresponds to neutron energies where EJ-410 is actually efficient. We could not reduce the beam intensity as the ESA beam operates parasitically with the LCLS operation. Therefore we do not have reliable data with the EJ-410 counter. The initial background spike was not as much problem for the EJ-254 scintillator and we could operate it reliably in the counting mode up to a delay of ~0.7 µsec corresponding to energy of ~1.5 MeV. With absence of data from the EJ-410 counter, we could not cross-calibrate EJ-254 and EJ-410 counters while in the ESA setup, instead we relied on the cross-calibration made at the LCLS beam dump test, where the initial background spike was much smaller. The BF 3 counter was also affected by the background spike, making it inoperable. 5
Fig. 6
ESA test beam: scope operating in the storage mode after ~20 minutes of running with 10.5 GeV primary electron beam operating at 5 Hz, with only ~20 pC/pulse (<10 8 electrons/pulse), and counters at V EJ-254 = -1.2 kV and V EJ-410 = -1.6 kV. One can see that the EJ-410 scintillator shows a large base line shift compared to the EJ-254 scintillator in the first few microseconds after the initial background spike, caused by the initial burst of particles, consisting of γ's, fast neutrons and recoil charged particles. The EJ-410 scintillator has high detection efficiency for fast neutrons, but zero efficiency below ~800 keV. The EJ-254 scintillator has larger detection efficiency for slow neutrons.
The LCLS beam dump test is described in Appendix #2. Fig. 10 shows the detector setup with local shielding. The overall shielding setup was much better at LCLS compared to ESA, which clearly supressed the early background spike. This was also helped by a small opening into the beam dump, which was designed to minimize the neutron backflow. The primary electron beam entering the beam dump in this test had energy 14.41 GeV, intensity ~10 9 el/pulse and 120 Hz repetition rate. Fig. 7 shows accumulation of pulses integrated over ~10 sec, while LCLS was running with 14.1 GeV primary electron beam, 120 Hz, 180 pC/pulse, while the EJ-254 counter was operating at V EJ-254 = -1.2 kV. The picture also shows the LINAC start pulse and movable 100ns-long scaler gate. The bottom trace shows the CsI counter pulses, which define the arrival time of γ's, which defines the TOF time scale. Fig. 10c shows the electronics setup in bldg 921. The measued LCLS neutron flux was very much smaller that the ESA rate because there are many beam line components in line-of-sight between the beam dump and our neutron counters. It was not possible to modify this for this particular study. However, a simplified model of these quite messy beam line components were in the FLUKA simulation to make it more realistic. Because the initial beam background spike was much smaller in this beam, the EJ-410 scintillator could handle it (unfortunately, we do not have a scope picture), and therefore we could cross-calibrate rates in two counters, EJ-254 and EJ-410. This cross-calibration procedure is described in chapter 2, and was used in Fig. 8 . Fig. 8 shows the measured neutron flux in both beam dump tests. One can see a considerable reduction in rate in the LCLS beam. One can see that the FLUKA simulation, after it was normalized to the same energy bin size, agrees with the measurement given the systematics of the experimental setup, and therefore we conclude that there is no reason not to use it in future designs of similar beams. using EJ-254 (green circles) and EJ-410 (yellow squares) counters, the ESA test is using only EJ-254 counter (red triangles). This is compared to the FLUKA simulation [4] , evaluated for the specific beam dump setup using the same energy bins as used in the measurement. The reason why the LCLS neutron rate is smaller is that this beam dump is designed to minimize the neutron backflow radiation, and because there many beam line components in line of sight to our neutron counters. It was not possible to modify this feature for this particular study. However, a model of these beam line components was in the FLUKA simulation [4] .
Final comments about potential SLAC beam dump neutron beams
To create a neutron test beam at SLAC, the ESA hall would be the most economical place to do it -see Fig.9c . There is a lot of space available, with easy access. There is a crane and one can bring a complicated setup with a forklift. The ESA building is also well shielded with a working interlock system, which makes it suitable for high intensity running. However, this solution has several problems:
(a) The ESA beam is used as a test beam, often running with a small electron intensity. It is presently only usable when the beam energy is at 10 GeV, with the max pulse rate of 5 Hz. The test beam is off when LCLS runs at 14 GeV, which is their typical energy. (b) The efficient solution assumes that a new more powerful kicker magnet is built allowing to run continuously together with LCLS beam; this would allow running at 14 GeV, where the LCLS runs most of the time (the present kicker magnet cannot run at this energy and the ESA test beam has to be off). (c) This beam would run at 5 Hz max, and therefore the total statistics might be marginal, unless one implements many recoil counters.
The LCLS beam dump is well designed to prevent neutrons from escaping in the backward direction. To create a real neutron beam and take full advantage of nearly continuous 120 Hz operation with 180 pC/pulse, one would have to drill a hole in the ground to bring neutrons to the surface, as indicated on Fig. 12d . It would also require major construction projects including an experimental hall, interlock system, radiation protection, etc. The LCLS-II, with its completely incompatible time structure, will apparently end up in the same beam dump, which would make the TOF tagging unworkable and is another major reason why it is unlikely that this solution would happen.
Appendix #3 shows yet another experimental beam dump area on the SLAC complex near the FACET beam dump. It is a tight space packed with a lot of instrumentation, and it would be difficult to stage a similar test there as we did in the ESA and LCLS beam dumps. In any event, it looks impractical to stage experiments close to the FACET beam dump, as the access is very poor. The beam could be brought to the surface in a similar manner as described above for the LCLS beam dump, but, it would be also very expensive and unlikely to happen without an extremely strong push from a major user community.
A final comment: Carsten Hast, a person responsible for test beams, pointed out that after 2019 SLAC will run with the LCLS-II most of the time, which will have a completely different time structure, making a TOF-based neutron beam impossible. So, time to do this is between now and 2019. He is currently waiting for the new kicker magnet test to allow running at 14 GeV, where LCLS spends most of their time. 
Detectors used in ESA beam dump test:

Setup in bldg 921
